A sensitive and specific method for detection of Listeria monocytogenes in milk and ground-beef samples is described. It consists of culturing samples in listeria enrichment broth (LEB) and subculturing them from LEB to listeria plating media, followed by DNA extraction and species-specific detection of the organism by using the polymerase chain reaction (PCR). In developing the L. monocytogenes PCR assay, five oligonucleotide primers complementary to the nucleotide sequence of the listeriolysin 0 gene were synthesized and used in amplification experiments. PCR products of the predicted size, based on nucleotide sequence information, were generated with DNA from all of 72 L. monocytogenes strains with five different primer pairs. DNA from Listeria ivanovii, Listeria innocua, Listeria seeligeri, Listeria welshimeri, Listeria grayi, and Listeria murrayi strains and a panel of 47 bacterial strains representing 17 genera did not generate PCR products with the primer pairs employed. As little as 1 pg of L. monocytogenes DNA could be detected with the assay. To determine the most sensitive culture protocol to use in conjunction with the PCR assay, milk (10 ml) and ground-beef (25 g) samples were inoculated with L. monocytogenes at concentrations ranging from 0 to 105 CFU ml-l or g-1, as appropriate for the sample. PCR assays on DNA extracted from growth on listeria plating media, inoculated with 24-h LEB sample cultures, were most sensitive, allowing detection of as little as 0.1 CFU of L. monocytogenes m-l or gof milk and ground beef, respectively.
(hlyA) (7, 28, 33) and other L. monocytogenes-specific target genes such as the iap locus (6, 8, 11, 19, 21) and the dth gene (27) have been used successfully in hybridization studies to detect the organism. However, at least 105 to 106 copies of the target sequence are required for colony hybridization assays (23) . Recently, a hybridization assay, which recognizes 16S rRNA, has been reported for detection of Listeria spp. (20) and made commercially available. The advantage of this test is its increased sensitivity of detection over other DNA probes, given that the number of target rRNA molecules per bacterial cell is approximately 10 ,000. The disadvantage of this system is that it is genus rather than species specific.
Recently, polymerase chain reaction (PCR) assays based on the amplification of target DNA sequences in the listeriolysin 0 (3, 4, 9) and dth (32) genes have been reported.
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However, use of these assays in the detection of L. monocytogenes in foods was not examined or the sensitivity of the assay was low and results were inconsistent. In this study, we describe a rapid and sensitive method for detecting as few as 1 CFU in the original milk or ground-beef samples based on selective enrichment of L. monocytogenes by culture and PCR amplification of the listeriolysin 0 gene.
MATERIALS AND METHODS
Bacterial strains, culture conditions, and media. Bacterial strains used in this study are listed in Table 1 For routine culture of bacterial strains, brain heart infusion broth was used, and for selective culture of L. monocytogenes, listeria enrichment broth (LEB) and listeria plating medium (LPM) were used (13) . L. monocytogenes A4, originally isolated from meat, was used in testing the sensitivity of the PCR assay and in experiments with milk and ground-beef samples.
In the testing of the PCR assay on foods, pasteurized 2% partly skim milk and freshly ground beef were purchased from a local retail outlet. Listeria spp. could not be detected by culture in either food product. These were inoculated 370C. DNA extraction. For testing the sensitivity and species specificity of the PCR assay, DNA was extracted from bacteria grown in brain heart infusion broth as described by Ausubel et al. (1) .
After culture of milk and ground-beef samples (which had been inoculated with L. monocytogenes) in LEB or on LPM agar, DNA was extracted from the bacterial growth by using the following procedures. Bacteria were removed from the LPM plates by using a dry cotton swab and suspended in 1 ml of phosphate-buffered saline (pH 7.4). A 0.1-ml aliquot of lysis buffer (10 mM EDTA, 100 mM Tris [pH 8.0]) containing 7.5 mg ml-1 of lysozyme and 750 U ml-1 of mutanolysin was added to 0.3 ml of LEB cultures or bacterial suspensions from LPM agar. These mixtures were incubated at 37°C for 30 min. A 0.1-ml volume of lysis buffer containing 5 mg ml-' (Fig. 1) . All of the PCR products were of approximately equal intensity on agarose gel electrophoresis. The electrophoretic profile obtained with primer combination LL5 and LL4 for Listeria DNA is presented in Fig. 2 products were evident when the five primer combinations were used in PCR assays with DNA from other Listeria species or DNA from a panel of 47 strains from 17 other bacterial genera (Table 1) .
Sensitivity of the PCR. A PCR gene product was detected with as little as 1 pg of L. monocytogenes total DNA (Fig.  3A) . The sensitivity of the assay was increased to 100 fg when the entire PCR-amplified DNA sample was recovered by ethanol precipitation and loaded onto the gel (data not shown). Formation of a PCR product with 1 ng of L. monocytogenes was completely inhibited by 10 ,ug of herring sperm (HS) DNA, and HS DNA concentrations of from 5 to 9 ,ug decreased the intensity of PCR products on agarose gels (Fig. 3B) Fig. 4 . For milk samples, PCR products were detected with DNA extracted from LEBO+LPM plates (Fig.  4B), LEB24 (Fig. 4C) , and LEB24+LPM plates (Fig. 4D) . The minimum number of L. monocytogenes detected in PCR assays with DNA from the respective cultures was 2.5 x 105, 2.5, and 0.25 CFU ml-'. No PCR products were detected with DNA extracted from LEBO milk samples (Fig. 4A) 
DISCUSSION
Listeriolysin 0 has been shown to be necessary for full virulence of L. monocytogenes in mice (5, 14, 18, 29) . Since all clinical strains of L. monocytogenes possess this attribute (16, 17) , it would appear to be a clinically relevant marker for identification.
The PCR primer combinations used in this study were specific for L. monocytogenes, with no detectable amplification of DNA from 24 strains of six other Listeria species, including two species which produce hemolysins related to listeriolysin 0 (24) . Similarly, PCR products were not present after amplification of DNA from 47 other nonListeria strains. This included strains of Bacillus cereus (four strains), Streptococcus pyogenes (four strains), and Streptococcus pneumoniae (three strains), i.e., bacterial species which also produce hemolysins related to listeriolysin 0 (25 (32) . The levels of L. monocytogenes in foods such as ground beef may be low relative to the large numbers of other bacteria present. Aerobic plate counts of >108 CFU g-' have been reported (22) . The pathogen may also be nonuniformly distributed in the food product. Nucleic acids from other bacteria and the sample itself may inhibit PCR assays. In this study, 10 ,g of HS DNA completely inhibited amplification of target DNA. Other sample components, ranging from factors which affect cation concentrations to heparin, could also inhibit the PCR assay. These factors limit the sample size on which PCR assays can be performed (0.3 ml of LEB or bacterial suspension in this study) and require that some method of nucleic acid extraction be performed. By using direct PCR, Bessesen et al. (3) were only able to detect 105 CFU ml-' of L. monocytogenes in milk and cerebrospinal fluid, whereas Wernars et al. (32) found that direct detection of L. monocytogenes in soft cheeses was not consistent with the detection limits ranging from 103 CFU per 0.5 g of cheese to no PCR product in the presence of 108 CFU per 0.5 g.
Use of selective enrichment media overcomes the difficulties inherent in direct PCR by increasing the amount of target DNA and diluting out non-Listeria DNA and other inhibitors of PCR which may be present in samples. It also ensures that only DNA obtained from viable L. monocytogenes is detected. However, this increased PCR sensitivity is achieved at the expense of time. After 24 h of incubation in LEB, as few as 25 CFU of L. monocytogenes were detected in the milk or ground-beef sample, but the sensitivity of the assay was increased 10-fold (i.e., detection of <2.5 CFU in the original sample) by subculture of LEB onto LPM agar for an additional 24 h.
Despite this limitation, there is reason to believe that the PCR assay may be refined, the sensitivity may be increased, and the total detection time may be decreased. Potential refinements include (i) methods which concentrate bacteria from food samples, such as centrifugation and filtration, (ii) increased efficiency in cell lysis and DNA extraction procedures, (iii) methods which decrease or eliminate inhibitors of PCR in food samples, and (iv) procedures which allow rapid detection of specific PCR products. Changes to the PCR amplification format such as decreased cycle time, increased cycle number, or use of two successive amplification cycles, as described by Deneer and Boychuk (9) , may also improve sensitivity. Since the hlyA gene is likely to be a single-copy gene, based on transposon mutagenesis studies (5, 14, 18) , sensitivity may also be increased by selecting nucleic acid targets with a higher copy number.
In summary, we have demonstrated that the PCR assay on bacterial DNA obtained from a two-step selective-enrichment protocol provides a sensitive and specific method for detection of L. monocytogenes in milk or ground-meat samples. The procedure takes less than 3 days to complete and can detect as little as 1 CFU in the original food sample.
